Selective and rapid regulation of ionic channels is pivotal to the understanding of physiological processes and has a crucial impact in developing novel therapeutic strategies. Transient Receptor Potential (TRP) channels are emerging as essential cellular switches that allow animals to respond to their environment. In particular, the Vanilloid Receptor 1 (TRPV1), besides being involved in the body temperature regulation and in the response to pain, has important roles in several neuronal functions, as cytoskeleton dynamics, injured neurons regeneration, synaptic plasticity. Currently available tools to modulate TRPV1 activity suffer from limited spatial selectivity, do not allow for temporally precise control, and are usually not reversible, thus limiting their application potential. The use of optical excitation would allow for overcoming all these limitations. Here, we propose a novel strategy, based on the use of light-sensitive, conjugated polymers. We demonstrate that illumination of a polymer thin film leads to reliable, robust and temporally precise control of TRPV1 channels. Interestingly, the activation of the channel is due to the combination of two different, locally confined effects, namely the release of thermal energy from the polymer surface and the variation of the local ionic concentration at the cell/polymer interface, both mediated by the polymer photoexcitation.
, it also has important functional roles in the neurogenic inflammatory response 9 . It has been demonstrated that upon nerve injury, changes in TRPV1 expression occur in damaged nerve fibers and cell bodies within sensory ganglia, leading to enhanced spontaneous excitation 10 . TRPV1 is also believed to be involved in forms of synaptic remodeling 11 , to potentiate glutamatergic signaling 12 and to contribute to cytoskeletal remodeling 13 . Notably, the expression of TRPV1 channels in retinal ganglion cells positively influences their survival in the presence of optical neuropathies, stress events, such as ischemia, and neurodegenerative diseases [14] [15] [16] . Overall, the ensemble of the recent experimental evidences justifies the high interest for both activating and inhibiting agents of TRPV1, as novel physiological probes and powerful pharmacological targets. Both TRPV1-antagonist and -agonist therapies are under intense investigation [17] [18] [19] [20] [21] . TRPV1 can be activated by several chemical/physical stimuli, including voltage 22 , heat 23 , chemical compounds such as capsaicin 24 and spider toxins 25 , acid pH 8, 26 , several fatty acids such as the endocannabinoid anandamide 27 , or by some of their possible combinations. Most common activation protocols, relying on the application of a transmembrane potential, administration of capsaicin to the cell medium, and heating of the extracellular bath above the threshold temperature of 43 °C, all suffer from limited temporal and spatial resolution and are often irreversible, thus requiring frequent washing outs of the cell media. Use of optical excitation would allow for overcoming the limitations of existing methods and gaining spatially selective, temporally precise and reversible control of TRPV1 channel activity. Very recently, two different, light activated methods have been proposed, based on the use either of photoswitchable compounds 28 , composed by capsaicin derivatives linked to azobenzene molecules, or of light sensitive nanoparticles with high photothermal conversion efficiency 29 . Both of them exploited the synergistic combination of visible light with specific stimuli, fatty acids activators and heat, respectively.
Here, we propose an alternative strategy, based on the use of light sensitive, conjugated polymers thin films. We demonstrate that illumination of the polymer leads to reliable, robust and temporally precise control of TRPV1 channel activity. Interestingly, the activation of the channel can be interpreted on the base of the combined action of two different effects, both of them localized at the polymer surface: the release of thermal energy from the excited photoactive material, and the variation of the ionic concentration in the cleft niche, mediated by photoexcitation and accumulation of photo-generated negative charges at the interface between the polymer and the extracellular bath.
Results and Discussion
Realization of the bio/polymer interface. Figure 1a shows a sketch of the polymer/cell interface developed for activation of TRPV1 channels. A thin film (approximate thickness, 250 nm) of regio-regular poly-3(hexylthiophene) (P3HT) is deposited by spin coating on top of a glass substrate. P3HT is characterized by a wide optical absorption spectrum peaking at 520 nm (Fig. 1b) , excellent optoelectronic properties when used as the active, light absorbing and charge generating material in solar cells and organic photodetectors 30 and outstanding biocompatibility properties when used in combination with living cells, as recently demonstrated in both in vitro and in vivo studies [31] [32] [33] [34] . Moreover, P3HT was recently reported to efficiently sustain thermally-mediated depolarization and hyperpolarization effects in a number of different biological systems, including primary hippocampal neurons, excised retinal tissues and epileptic brain slices 35 . As the biological counterpart of the bio/ polymer interface, we use Human Embryonic Kidney (HEK-293) cells stably transfected with the human TRPV1 channel (HEK-293T). HEK-293T cells were cultured directly on top of the polymer surface, as well as on control glass substrates, for 48 h. Both polymer and glass substrates were pre-treated by deposition of a fibronectin adhesion layer. The tetrazolium salt (MTT) assay has been used to obtain a quantitative colorimetric evaluation of cell survival and proliferation up to 4 days in vitro. Cells cultured on top of the polymer surface show good viability properties, even though their proliferation rate is slightly slowed down respect to control glass substrates ( Figure S1 ). Polymer photoexcitation is provided by the emission of a green led light source (emission peak, 544 nm; photoexcitation density in the range 26.1-343.9 mW/mm 2 ), impinging on the polymer sample from the glass side. It is important to notice that, due to the high absorbance of the polymer layer, the actual optical power density impinging on the cultured cells is reduced and falls within the range 3.48-86.96 mW/mm 2 (see Methods section for details).
We preliminarily verified the presence and functional excitability of the human TRPV1 channel in cellular networks cultured on glass substrates by carrying out whole-cell patch clamp experiments in the presence of Capsaicin (50 nM), one of the most powerful TRPV1 activators 23 . In good agreement with previous reports 23, 36 , a robust increase of the inward and outward currents is observed, thus confirming the presence of TRPV1 channels in the employed stable line ( Figure S2 ). On the other side, non-transfected HEK-293 cells did not show any significant response to the pharmacological stimulus (data not shown). Polymer-mediated optical modulation of the TRPV1 channel. The effect of polymer-mediated optical stimulation on the excitability of HEK-293T cells was first assessed by voltage-clamp whole-cell recordings. Visible light pulses (wavelength excitation peak, 544 nm; photoexcitation density, 202.4 mW/mm 2 ) lead to a remarkable increase of the outward current ( Fig. 2a and Figure S3a for 100 ms-and 20 ms-light stimuli duration, respectively). Figures 2b and S3c report the average current increase due to the photoexcitation, as obtained by averaging current values immediately before the light onset (in black), and immediately before the light offset, where the maximum current is recorded (in red), over 5-ms temporal windows (represented in panel a as dashed lines). In particular, at the maximum applied voltage (+100 mV), the positive variation of the current amounts at +84% and +26%, for 100 ms-and 20 ms-long pulses, respectively. We notice that the response amplitude (249 ± 41 pA/pF for 100 ms pulses) is comparable to the one obtained upon capsaicin administration at 50 nM concentration (224 ± 27 pA/pF, Figure S2 ), which is considered to be of physiological significance for pharmacological treatments 23 . Control measurements were carried out both on HEK-293T cells cultured on glass substrates and subjected to the same illumination protocols (Fig. 2c and Figure S3b ), and on HEK-293T cultured on polymer substrates, but kept in dark conditions (Fig. 2d) . In both cases no significant signal variation is recorded, thus indicating that the effect observed in cells cultured onto polymers is due to an optically-mediated process. I-V characteristics ( Fig. 2e) , show that the reversal potential (defined as the value of the potential at which the current density changes its sign) shifts towards more positive values at increasing light intensities (see inset), from −41 mV at 26.1 mW/mm 2 up to −10.4 mV at 343.9 mW/mm 2 , consistently with the possible activation of cationic channels. A linear dependence of the current from the light photoexcitation density is observed, at both positive and negative voltages (see Fig. 2f for two representative examples, at +80 mV and −40 mV).
Importantly, non-transfected cells show a markedly different behavior, displaying a current increase upon light stimulation lower than one order of magnitude ( Figure S4 ). Altogether, these data first indicate that the recorded signal may be attributed to the excitation of the TRPV1 channel.
Light-induced changes to the plasma membrane potential have been further investigated by whole-cell recordings in current-clamp (I = 0) mode (Fig. 3) . Data have been reported as relative variation of the membrane potential; no alteration in the resting membrane potential values were detected (see data reported in the SI section, Table S1 , for cells cultured on P3HT and on control glass substrates). The comparison with non-transfected cells is once more instructive. In HEK-293 cells cultured onto P3HT samples and subjected to the same photoactivation densities, a cell membrane depolarization followed by a hyperpolarization signal is observed (see Figure S4 for a representative example of the variation of the membrane potential). The sign reversal occurs over an average temporal scale of few tens of milliseconds. Both these signals have been recently characterized and interpreted on the base of thermal phenomena, namely a variation of the membrane capacitance and the Nernst potential values, respectively 37 . Conversely, in HEK-293T cells the depolarization signal is recorded over much longer timescale, and it continuously increases over the whole considered stimuli duration of 100 ms (Fig. 3a) . The initial, fast depolarization signal is still present (see a magnification in Fig. 3c , inset, and measurements acquired over a shorter timescale of 20 ms, Figure S5 ), but its dynamics is partially overlapped with a much stronger, longer activating signal. Even though it is not possible to completely disentangle the two signals, we estimated the build-up time constant in the order of 48 ± 0.3 ms, 105 ± 1.7 ms and 225 ± 22 ms for 343.9 mW/mm 2 , 202.4 mW/mm 2 and 122.6 mW/mm 2 , respectively, by fitting the membrane potential variation with a single exponential curve within the temporal range 115 ÷ 200 ms (Fig. 3a, grey symbols) . Moreover, the hyperpolarization observed in non-transfected cells is completely overwhelmed in HEK-293T cells by the longer-activating depolarization signal. Cells seeded on bare glass substrates and subjected to the same photostimulation protocols do not show any response, exception made for the highest photoexcitation density, where a small (<−0.7 mV) hyperpolarization signal is recorded ( Fig. 3b and Figure S5 ). The average variation of the membrane potential shows a statistically significant difference respect to the value recorded on illuminated control samples (without the polymer) over the same temporal window (Student's t-test, p < 0.001 in all cases). The maximum membrane potential variation linearly scales with the photoexcitation density (linear regression coefficient R 2 = 0.98), Fig. 3d . Importantly, the photo-induced depolarization effect is highly repeatable and reliable. In fact, no significant changes are detected neither in the peak value nor in its temporal dynamics, as shown in Fig. 3e and f, respectively, for 16 subsequent light pulses.
Identification of the TRPV1 response. In order to corroborate the hypothesis that the current increase and the change in the membrane potential observed with the patch-clamp technique are effectively due to the photo-activation of the TRPV1 channel we treated the cells with the organometallic dye Ruthenium Red (RR). This compound, for decades, has been the only antagonist available to inhibit capsaicin-mediated responses, not only interacting with the ligand binding site, but also blocking its aqueous pore 38, 39 . Upon administration of 10 µM RR, the longer photo-activated depolarization is completely suppressed, and the hyperpolarization, observed in non-transfected cells lacking the TRPV1 channel, is now recordable (Fig. 4) . For completeness, voltage-clamp recordings are shown in the SI section, Figure S6 . The average reduction of the maximum depolarization, calculated as the average difference between the maximum depolarization recorded upon light before and after RR administration, is 88%. In order to exclude any variability issue among different cells, due to different exposure to RR, the variation has been evaluated on the same cell, prior and upon RR administration. The experiment has been repeated over a population of n = 17 cells.
RR is a non-competitive antagonist of TRPV1 and, based on recent studies, it can be classified as a general inhibitor of TRPV channels. Conversely, Capsazepine is a well-studied synthetic analogue of Capsaicin, which exhibits high TRPV1 selectivity as compared to other proteins of the TRPV family 38, 39 . We observe that, upon perfusion of 10 µM Capsazepine in the extracellular medium, the depolarization signal attributed to TRPV1 excitation is completely suppressed. As a further, positive control, we expose HEK-293T cells to the selective TRPV4-antagonist RN-1734 (20 µM) 40 . In this case, the photoinduced signal is unchanged (Fig. 5) . For completeness, voltage-clamp recordings upon administration of capsazepine and RN-1734 are shown in the SI section, together with the calculated I-V characteristics ( Figure S5 ).
The photo-activation mechanism: the role of temperature and pH. Altogether, reported data fully demonstrate the possibility to use optical excitation mediated by thin films of conjugated polymers to efficiently activate TRPV1 channels.
TRPV1 is a multimodal channel, whose activation can be the result of a combination of multiple factors. However, this protein is primarily heat-sensitive, and a threshold temperature of 43 °C has been established in literature by a number of reports 23, 39, 41 . Thus, we first investigate the role of a locally confined, photothermal effect due to the heating of the bath in the close proximity of the polymer surface, as the most plausible origin of the observed channel activation. The temperature variation of the extracellular bath in the close proximity of the SCientifiC RepoRtS | 7: 8477 | DOI:10.1038/s41598-017-08541-6 polymer absorbing layer has been evaluated by using the method of the calibrated pipette resistance 42 . Thanks to the wide optical absorption spectrum of the polymer, different excitation light sources in the visible range may be also used, leading to a different temperature increase (see Figure S7 for an example). The temporal profiles of the local heating upon green light excitation, at increasing light intensities, are depicted in Fig. 6 and Figure S8 for 100 ms-and 20 ms-pulses, respectively.
Upon illumination at the maximum photoexcitation density, the temperature increases by about 15 °C and 7 °C, for longer and shorter light pulses, respectively, remaining however below the reported activation threshold of 43 °C. On the other hand, we observe robust TRPV1 activation at photoexcitation densities in the order of 100 mW/mm 2 , corresponding to a temperature increase of about 6 °C and an absolute temperature of 30 °C, thus indicating that the temperature alone cannot be the origin of TRPV1 elicitation. The temperature dynamics can be fitted with a single exponential curve, obtaining a time constant τ T around 50 ms for every considered photoexcitation density (Table 1) . Interestingly, we observe that this value is in agreement with the channel activation time constant τ TRPV only at the highest considered light intensity (343.9 mW/mm 2 ), in physiological pH conditions. At lower power density, the activation of the channel occurs over longer timescales, as expected for sub-threshold activation (see Fig. 3a and Table 1 ). . Data have been reported as relative membrane potential variation to better appreciate the light-induced effect; however, no significant changes were detected in the resting membrane potential values (mean ± SE, V m = −13 ± 1.9 mV and V m = −13.5 ± 2.7 mV for cells treated with Capsazepine and RN-1734, respectively). All the experiments are performed at 24 °C. (b) mean ± MSE membrane potential variation values over a population of n = 10 cells for Capsazepine and n = 9 cells for RN-1734 (Student's t-test, **p < 0.001).
Besides chemical agents like Capsaicin, other factors have been reported in literature for their capability to lower the TRPV1 activation temperature 8, 43 . In particular, it has been recently established that protons can sensitize TRPV1 receptors to capsaicin and heat. They both act to lower the channel threshold to levels at which the activation of temperature sensors is limited 8, 36, 44, 45 , and are able to activate the channel by themselves 46 . This is in line with a recent work by our group, in which we demonstrated that illumination of P3HT thin films immersed in water leads to a progressive acidification of the solution in the close proximity to the polymer surface, due to accumulation of photo-generated electrons, progressively charge balanced by the local formation of an electron-poor (acidic) layer of polarized water molecules 47 .
In a further experiment, we examine the possibility to optically activate TRPV1 channel in different pH conditions of the extracellular medium (Fig. 7) . Interestingly, the increase in the proton concentration turns out into a response less intense than the one observed at physiological and slightly basic pHs. This can be interpreted on the base of a pre-activation of the channel, before the light onset, due to the acid pH of the bath, as also supported by the observed shift of the resting membrane potential (V m ) towards more positive values (V m pH 6.0 = −3.9 ± 1.2 mV; V m pH 5.0 = −3.4 ± 2 mV) compared to physiological pH (V m pH7.4 = −12.8 ± 4.4 mV). The photo-activated depolarization signal is possibly due to a further, supra activation of the channel. Conversely, in the case of basic pH, we can assume that the channel is completely closed before the light onset. Basic extracellular conditions usually hamper effective TRPV1 sensitization 46 . Upon photoexcitation, however, two local effects act concomitantly at the polymer surface, in the close proximity of the cell membrane, namely the acidification of the extracellular bath and the increase of the temperature. This makes it possible to activate the channel at temperatures below the theoretical threshold and despite the basic pH conditions of the bulk extracellular bath. Measurements under physiological pH at two different molar concentrations of the buffering agent confirm this picture: higher buffering capability (10 mM) leads to a reduced depolarization signal, being able to more efficiently counter-balance the effect of the pH variation optically induced by the organic polymer (Fig. 7) . Time constant extracted by fitting the activation curves in different pH conditions with an exponential growth curve are in agreement with this picture. At acid pH, TRPV1 channels are efficiently opened already before the light onset, so that optical stimulation has only a limited, supra-threshold effect (longer dynamics). At physiological pH and upon 343.9 mW/mm 2 photoexcitation density, activation dynamics are dominated by temperature effects, possibly coupled to a local, fast acidification of the extracellular environment. Table 1 . Time constant extracted by exponential fitting of the photo-induced temperature dynamics (τ T ) and TRPV membrane potential variation (τ TRPV ).
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Conclusions
A novel method for spatially and temporally precise optical activation of TRPV channels is reported, based on the functional interfacing of the conjugated polymer P3HT, with HEK-293 cells stably expressing human TRPV1 channels. As evidenced by current-and voltage-clamp analysis, we obtain robust and reliable activation of the channel in physiological-like conditions (i.e., at the resting membrane potential), at temperatures well below the nominal activation threshold, and even in basic pH conditions. We identified two light-driven effects leading to channel activation, namely photo-thermal heating and a local pH variation. Both of them are locally confined at the interface between the conjugated polymer and the extracellular bath, thus offering enhanced spatial resolution as compared to other existing activation techniques, ideally even at the level of cell sub-compartments. Besides, existing methods to modulate the extracellular pH and to elicit TRPV1 activity are based on pharmacological assays, which most of the time lack temporal reversibility. Further engineering of the biopolymer interface will be needed to quantitatively disentangle the two mechanisms and further exploit this peculiar advantage. Moreover, at variance with other optical methods based on the use of infrared light sources, the use of visible light (only weakly absorbed by water) avoids detrimental, unlocalized and hardly controllable over-heating of the extracellular bath. Importantly, we did not observe any deleterious effect of the photostimulation protocols on cell viability, even at the highest photoexcitation densities. Here, we used green light excitation, properly matched to the P3HT absorption spectrum, but the demonstrated technique may be easily transferred to any other wavelength in the visible range simply by employing different active, organic semiconductors. Thus, also in virtue of its inherent simplicity, the reported method may be easily coupled to any electrophysiological set-up, equipped with standard fluorescence light sources, for in vitro studies. Based on the excellent biocompatibility shown by P3HT polymer thin films in in vivo studies, it is also conceivable to extend the reported technique to animal investigation.
In conclusion, we believe that the use of optically active polymer-based interfaces offers distinct advantages in the study of multimodal TRPV channels, and holds a huge potential in all related physiological applications.
Materials and Methods
Sample preparation. Regio-regular P3HT (99.995% purity, M n 54.000-75.000 molecular weight) was purchased from Sigma Aldrich. All materials were used without any further purification. The samples for cell cultures were prepared by spin-coating on square 18 × 18 mm 2 glass (VWR) substrates, carefully rinsed in subsequent ultrasonic baths of ultrapure water, acetone and isopropanol. P3HT solution was prepared in chlorobenzene at a final P3HT concentration of 20 g/l, and spin-coated on the cleaned substrates with a two-steps recipe: i) 3 s at 800 rpm, ii) 60 s at 1600 rpm. All films were thermally treated in an oven at 120 °C for 2 h for annealing and sterilization. To promote adhesion, samples were coated with fibronectin (from bovine plasma, Sigma Aldrich) at a concentration of 2 mg/ml in phosphate buffered saline (PBS) for at least 30 min at 37 °C and then rinsed with PBS.
Cell culture maintenance and viability. All procedures were performed using immortalized cell lines, in accordance with the principle of the 3 R (Replacement, Reduction, Refinement) as established by the European Community Council (Directive 2012/63/EU of 22 September 2010) and were approved by the Italian Ministry of Health.
hTRPV1-HEK Recombinant Stable Cell Line was kindly provided by Dr. De Petrocellis (National Research Council, Biomolecular Chemistry Institute, CNR-ICB, Napoli, Italy). The cells were cultured in cell culture flasks containing Dulbecco's modified Eagle's medium (DMEM) added with 10% Fetal Bovine Serum (FBS), 100 U/ml Penicillin and 100 µg/ml Streptomycin. Culture flasks were maintained in a humidified incubator at 37 °C with 5% CO 2 . HEK-293 cells stably expressing human TRPV1 were cultured under 5% CO 2 at 37 °C and, when at confluence, plated at a density of 15.000 cells/cm 2 and cultured for 48 h on P3HT and glass samples. Proliferation was evaluated after 1, 2, 3 and 4 days in vitro with the MTT assay in three replicates. P3HT and glass samples were prepared as described above. HEK-293T were plated on each substrate at a concentration of 15,000 cells/cm 2 . For each time point, the culture medium was removed and replaced with fresh medium without serum and phenol red, supplemented with 0.5 mg/ml of MTT reagent; cells were re-incubated at 37 °C for 2 h. Culture medium was then removed and 1 ml of ethanol was added to dissolve formazan crystals. The absorbance of the solution (at Optical excitation. The light source for excitation of the polymer was provided by a LED system (Lumencor Spectra X) fibre-coupled to the fluorescence port of the microscope; the illuminated spot on the sample has an area of 0.23 mm 2 . Green emitting LED was used as light source, characterized by maximum emission wavelength at 544 nm and variable photoexcitation density, in the range 26 ÷ 344 mW/mm 2 , as measured at the output of the microscope objective (P obj ). It is important to notice that, due to the high absorbance of the P3HT active layer, as well as to optical losses due to the petri-dish and the glass substrate, the actual optical density reaching the cell culture is reduced to 3.48 mW/mm 2 , respectively. Light sources with different emission spectral range were also used, peaking in the blue (peak emission wavelength, 436 nm), in the cyan (peak emission wavelength, 485 nm) and in the red (peak emission wavelength, 629 nm). Photo-excitation density was the same in all considered cases (33 mW/mm 2 ).
Statistical analysis. Data are represented as mean ± MSE. The significance of differences between two groups was evaluated with unpaired Student's t-test. P < 0.05 was considered statistically significant. *P < 0.05; **P < 0.001.
